Vocal folds are soft laryngeal connective tissues with distinct layered structures and complex multicomponent matrix compositions that endow phonatory and respiratory functions. This delicate tissue is easily damaged by various environmental factors and pathological conditions, altering vocal biomechanics and causing debilitating vocal disorders that detrimentally affect the daily lives of suffering individuals. Modern techniques and advanced knowledge of regenerative medicine have led to a deeper understanding of the microstructure, microphysiology, and micropathophysiology of vocal fold tissues. State-of-the-art materials ranging from extracecullar-matrix (ECM)-derived biomaterials to synthetic polymer scaffolds have been proposed for the prevention and treatment of voice disorders including vocal fold scarring and fibrosis. This review intends to provide a thorough overview of current achievements in the field of vocal fold tissue engineering, including the fabrication of injectable biomaterials to mimic in vitro cell microenvironments, novel designs of bioreactors that capture in vivo tissue biomechanics, and establishment of various animal models to characterize the in vivo biocompatibility of these materials. The combination of polymeric scaffolds, cell transplantation, biomechanical stimulation, and delivery of antifibrotic growth factors will lead to successful restoration of functional vocal folds and improved vocal recovery in animal models, facilitating the application of these materials and related methodologies in clinical practice.
Introduction
The human vocal folds (VF) consist of a pliable vibratory layer of connective tissue called the lamina propria (LP) that controls the production of sound, can sustain up to 30% strain at frequencies of 100e1000 Hz (Hz), and can reversibly recover after transient stretch to high strain [1e4] . Mechanical stresses, deleterious environmental factors and pathological conditions can disrupt the natural pliability of the vocal folds, resulting in a wide spectrum of voice disorders [5e7] . Voice disorders are the most common communication disorder across the lifespan and dysphonic suffering in individuals causes significant negative influences on their social interactions and daily personal lives [6] . While surgical techniques and behavioral treatments are currently employed to treat voice disorders, surgical interventions can cause scarring and yield inconsistent results [5, 8] . Thus, tissue regeneration methods combining the use of bioactive factors, injectable scaffolds, and stem cell therapy have remained of significant research interest in the development of methods to treat vocal fold scarring and vocal fold replacement [9, 10] , although challenges in integrated treatment of the mechanical and biological properties of materials has limited the success of these approaches. In this article, we review recent advances and progress in vocal fold repair and regeneration from a tissue engineering-based therapeutic perspective, focusing on (1) biomaterials intended to mimic the mechanical properties of native VF tissues; (2) bioreactor designs that capture dynamic vocal biomechanical properties, and (3) both in vitro and in vivo applications of these biomaterials, informed by results from bioreactor studies, in vocal fold tissue engineering.
Vocal fold

Vocal fold scar and societal significance
Numerous and common stimuli can lead to vocal fold dysfunction and damage, including voice overuse, chemical exposure (e.g., smoke inhalation), gastroesophageal reflux, allergies, intubation, traumas, radiation and inflammation [7, 11, 12] . Benign vocal fold lesions such as nodules and polyps that can result from these stimuli are usually limited to the SLP, and although temporary relief can be achieved by rest or voice therapy, surgical intervention may be required, which can lead to scar formation, reduced flexibility of the LP, and impaired voice production [6, 12, 13] .
Voice disorders are the most common communication disorder across the lifespan and dysphonic suffering in individuals causes significant negative impact on their social interactions and daily lives. There is a paucity of epidemiological data in the literature that is specific to vocal fold scarring and its impact on vocal use. It is, however, well documented that up to 9% of the general population has some type of voice abnormality and that 29% of the general population will develop a voice disorder during their life [8, 12, 13] . Approximately 10% population of the United States work force involves heavy voice use for their occupation; reaching roughly 28 million people suffering daily voice discomfort causing them to miss work, apply for disability insurance or change occupations [8,12e14] . When costs related to lost work days and treatment expenses, excluding other monetary costs related to pharmaceutical treatment, workman's compensation and change/loss of job are considered, societal expenditures of voice problems in teachers alone has been estimated to be of the order of $2.5 billion annually in the United States [12, 15, 16] . Optimal treatment for voice disorders has not yet been realized, however, and new approaches warrant consideration for regeneration of functional vocal fold tissue.
Vocal fold anatomy and composition
The larynx comprises a number of types of tissue including, but not limited to, cartilage, muscles, epithelium, nerve and stroma and is positioned above the trachea and esophagus. The vocal folds are positioned within the larynx and their primary role is to protect the airway, whereas their secondary role is to produce voice. Arytenoid cartilages adduct and abduct to bring the vocal folds together and apart; the vocal folds are abducted (open) during breathing and adducted (closed) during phonation [11] . The tissues vibrate in a wave-like motion during sound production [1,17e20] , and one of the keys to this mechanical versatility lies in their unique structure and multi-layered composition.
Each vocal fold consists of a stratified squamous epithelium, matrix-rich lamina propria, and thyroarytenoid muscle ( Fig. 1 ) [1, 10] . The epithelium is composed of stratified squamous cells and has a primary role of protecting the deeper layers of tissue, and as a result this layer undergoes repeated turnover [21] . The lamina propria (LP) is a collagen and elastin-rich, pliable vibratory layer of connective tissue positioned between epithelium and muscle tissue [22] , sub-categorized into three distinct layers: superficial lamina propria (SLP), intermediate lamina propria (ILP) , and deep lamina propria (DLP). The outermost layer of the LP, the SLP, sustains the majority of stress during vocal fold vibration [2] . However, these three layers are not distinctly separated to the naked eye in human and animals. The SLP is believed to move freely over the layers beneath it. Deeper layers become increasingly dense with collagen and elastin with the ILP and DLP containing the highest concentration of elastin and collagen [23, 24] . The thyroarytenoid muscle is positioned next to the DLP. Vocal fold scar disrupts the mucosal wave, or the movement of the LP, due to increased stiffness and viscosity and can also result in incomplete vocal fold closure [5] . The combined effects of increased stiffness and viscosity cause impaired vibration resulting in voice changes including hoarseness and fatigue [25, 26] .
Phonation physiology and mechanical properties of vocal folds
Vocal folds can be described as two biomechanical layers: the body (thyroarytenoid muscle and DLP) and the cover (epithelium and SLP) [26, 28, 29] , with a main difference between the cover and body layers arising from differences in their oscillation properties. The cover is characterized by its pliability and propagation of oscillatory waves in response to the contraction of the stiff body layer [30, 31] . The physiology of phonation that arises from the motion of the vocal folds was first explained by the myoelastic theory of voice production, a theory first developed by Johannes Muller and later modified by Van de Berg [26] . This theory describes the build-up of subglottic air pressure created by the lungs to drive the vocal folds apart. The minimum amount of lung pressure to initiate vocal fold abduction is known as the phonation threshold pressure (PTP) [32, 33] . In simple terms, the Bernoulli effect causes a drop in pressure in the glottis which, in combination with their elastic properties, serves to drive the vocal folds back together [26, 34] . More recently, Titze expanded this theory, demonstrating that the Bernoulli effect is only a minor contributor to the initiation of vocal fold oscillation. Rather, flow induced oscillation allows for sustained oscillation secondary to a continual transfer of energy from the glottal airstream to the tissue, overcoming frictional energy losses in the vocal folds [33] . Mass and stiffness combined with the geometric properties of the vocal folds control self-sustained oscillation. Changes in air pressure across the glottis with convergent and divergent configurations results in asymmetry of air pressures necessary for sustained oscillation. Further comprehensive reviews are recommended for interested readers [17, 33, 35] .
Current clinical approaches and evaluation of biomaterials for vocal treatment
Several approaches exist for the treatment of voice disorders including voice therapy, surgery, or some combination of the two. The clinical approach targets for treatment depends on factors such as the pathology's severity and impact as well as the patient's individual needs and motivation for improved voice.
Voice therapy and surgical approaches
Behavioral voice therapy may be offered to balance the respiratory, phonatory, and resonance subsystems, optimize vocal quality, and reduce vocal effort/fatigue. Providing education about vocal hygiene can also assist the patient in management of secondary contributing factors (reflux, hydration, excessive voice use, etc) [6] . Currently, there is no research validating a specific method of voice therapy for treatment of vocal fold scarring. Behavioral voice therapy may be implemented as a preventative measure to limit further damage to the scarred tissue and voice quality. The patient may develop compensatory hyperfunctional behaviors (e.g. ventricular/anterior posterior compression) due to the stiffened tissue from vocal fold scar and resultant changes to voice quality. Benninger and colleagues suggest that engaging in voice therapy may significantly improve a patient's voice quality even after scar maturation [5] . Different therapy approaches may be recommended depending on the nature of the patient's pathology as well as the patient's concerns and motivation [26, 36] . For example, a resonant voice approach (such as the Lessac-Madsen approach) targeting a specific laryngeal configuration may be useful to reduce both respiratory effort and impact of vocal fold vibration while achieving clearer voice quality [11] . Titze et al. suggested semioccluded voice exercises (e.g., lip trills, humming, straw phonation) as a way to create sound more efficiently with less impact/ tissue collision [37] . Confidential voice may serve to reduce hyperfunctional behaviors by emphasizing quiet, breathy productions.
Surgical approaches have focused on either altering the lamina propria or correcting glottal insufficiency. Injections of biomaterials or steroids have been used as a treatment for mild-moderate vocal fold scar, by targeting the SLP to restore some vibratory characteristics of the tissue [38] . However, many of these materials are absorbed into the tissue over time, whereby repeated injections are required [39] . Medialization thyroplasty may be used to repair glottal insufficiency without directly contacting the lamina propria [40] . In addition, Hoy et al. described the use of an ultra-fast laser for ablation vocal fold scar tissue [41] . Welham et al. investigated the use of surgical treatments for vocal fold scar in a prospective clinical study, where they found that the thyroplasty and graft implantation methods resulted in reduced vocal handicap scores of patients with vocal fold scar, but no improvement in other assessment measures [42] . However, injection laryngoplasty resulted in no improvement in any of the outcome measures.
Choice of animal models and clinical materials
Many types of animal models have been proposed to study vocal fold biology, treatment of vocal fold injury and scarring. The type of animal model used depends on the nature of the experiment and outcomes of interest. One advantage to using animal models to study wound-healing of the vocal folds is that animals may be sacrificed and larynges excised to perform histological and other assays examining the ECM. Commonly used species include mouse, rat, rabbit, pig, and canine. Bless and Welham reported the characteristics of the vocal ligament, ECM, biomechanical environment, and animal's vocalizations as important considerations for animal [27] ; (B) Coronal histological images of the mid-membranous normal rat vocal fold stained with hematoxylin and eosin (H&E). Superficial to deep, the layers of the vocal fold include the stratified squamous epithelium (E), the lamina propria (LP) and thyroarytenoid muscle (M); (C) Coronal histological image of the mid-membranous scarred rat vocal fold three days following a scarification injury; the specimen demonstrates the early inflammatory response associated with injury. There is some evidence of granulation, but significant fibrosis has not yet occurred. The epithelium is thick and irregular and the basal cells are disorganized. The lamina propria is more cellular than found in normal tissue, and contains increased fibroblasts (F) and inflammatory cells including neutrophils (N) and macrophages (M). The extracellular matrix (ECM) also appears to be altered as compared to normal tissues. A few small, thin walled vessels are present which represents angiogenesis (A) [10] . models of vocal fold scars [43] . For example, a mouse model may be advantageous for manipulating gene expression, but the small size of their larynges can be considered a limitation. Tateya et al. describe the advantages of a rat model for vocal wound healing including its short life span, small cost, quick wound-healing process, and similarities of its lamina propria to that of humans [44] . Thibeault and colleagues investigated the histological and rheological characterizations in a rabbit vocal fold model. They discovered the structure of the lamina propria in the rabbit is similar to that of a human vocal fold in the arrangement of multiple lamina propria layers containing collagen, elastin, and HA and thyroarytenoid muscle [25] . A canine model has also been suggested by Rousseau and colleagues as a relevant model for vocal fold woundhealing studies due to the size of the lamina propria, ability to phonate, and the amount of tissue it provides [45] . Woodson investigated the use of a porcine model to study vocal fold scar. Advantages include the similar size and structure of porcine vocal folds compared to human vocal folds [46] .
To date, different biomaterials have been used in vocal fold injection and implantation to restore vibratory characteristics and/or medialize the vocal fold edge damaged by scar formation. Types of materials used have evolved to include a wide range of options for surgeons to use. Teflon was historically used as a more permanent material for vocal fold augmentation, but has been associated with undesirable foreign-body reactions [40] . More commonly used materials for injection for vocal fold medialization include Cymetra (collagen-based), Radiesse (calcium hydroxyapatite), and autologous fat [40] . Sataloff described autologous fat as an effective implantation for improving mucosal wave in patients with severe scar formation [36, 37] . Pitman et al. investigated the use of temporalis fascia transplantation for treatment of vocal fold scar and sulcus in a group of 10 patients [45] . They found that one year after surgery there was improvement for the majority in patient-reported measures (9 out of 10 patients), perceptual measures (7 out of 10 patients), and laryngeal videostroboscopy (9 out of 10 patients). However, there was no statistically significant improvement in acoustic measures.
Lott and Janus reviewed the various surgical approaches of tissue engineering for vocal fold scar including development of synthetic and biologic scaffolds, cell therapies, and bioactive factors (e.g., growth factors) [46] . Promising cell therapies include the use of fibroblasts, embryonic stem cells and mesenchymal stem cells for treatment of vocal fold scar. Fishman and colleagues reviewed the results of a variety of stem cell therapy strategies in animal models. They described the use of both endogenous cell sources including side population cells, stellate cells, and human vocal fold fibroblasts as well as exogenous cell sources such as MSCs, ASCs, and myoblasts. The main conclusion from this review was that although many promising approaches exist, most of these have only been tested as a means of treating acute injuries rather than chronic vocal fold scar. They emphasized the need for clinical trials investigating their use in human models [47] .
The foremost reason for the inability to effectively address vocal fold scarring is that current surgical options disrupt the biomechanical properties of native tissues, often causing secondary scar formation, and injectable hydrogels do not capture the complex tissue composition of the vocal fold ECM. To date, only specific growth factors are administered in clinical settings for treatment of scarred or atrophied vocal folds, mostly antifibrotic growth factors that are known to prevent scar formation. In 2009, Hirano and colleagues conducted the very first human trial on a 63-year-old male, who was treated with basic fibroblast growth factor (bFGF) for vocal fold scar and showed improvements in clinical features only after 1 week of injection [47e49] . Another strong antifibrotic potency hepatocyte growth factor (HGF) has also demonstrated significant improvements in mucosal wave amplitude, glottal incompetence and phase asymmetry via injecting HGF-containing hydrogels to scarred vocal fold tissues in in vivo canine animal models [50e52]. Although these grow factor treatments showed superior improvements compared to saline controls, complete restoration of vibratory properties and anatomical microstructures has not yet been achieved, in addition to the issue regarding safety concern of potential tumorigenicity [9, 53] . Therefore, integration of such strategy with tissue engineered scaffolds for controlled delivery of growth factors in vivo and implementation of simultaneous multipotent cell delivery can achieve an optimal clinical outcome; materials developed to address these challenges would offer unique opportunities.
Promise of materials approaches
Materials-based approaches that would either ameliorate effects of scarring and/or yield tissue-engineered substitutes offer compelling alternatives in the treatment of vocal fold scarring [9, 54] . Key concerns in such approaches include: (1) control of the mechanical properties of the biomaterial, (2) inclusion of appropriate biological cues, (3) application of appropriate mechanical stimuli to guide appropriate ECM development, and (4) control of the degradation of the biomaterial on length-and timescales commensurate with new tissue growth [54e60]. Recent generations of polymer/polypeptide-based biomaterials have been designed to control cell binding, growth factor release, and/or cellmediated degradation in efforts to address the concerns above [54,55,57,61e64] . However, there are very few synthetic materials that contain the necessary combination of mechanical properties, growth factor delivery profiles, and degradation profiles for optimal generation of vocal fold tissue; this arises in large part from synthetic difficulties in the production of such complicated materials. In addition, approaches to characterize materials and culture cells under mechanically relevant conditions have lagged far behind their demonstrated need. Specific advances in each of these areas are delineated below.
Biomaterials in development/research
Based upon the fundamental tissue engineering principles, injectable, bioactive and biodegradable polymers and hydrogels with appropriate chemical composition, structure characteristics, and tailored mechanical properties have been extensively employed for addressing voice disorders [10] . This approach, from a clinical perspective, offers attractive advantages over traditional materials implantation, as it has the potential to solidify injecting materials into any desired shape at the site of injury with enhanced interfacial interlocking with surrounding normal tissues. This strategy also minimizes the invasiveness and potential trauma to patients, limits the risk of infection and secondary scar formation, and reduces treatment costs with easy practice and increased patient accessibility [10, 65] . To date, injectable hydrogels investigated for vocal fold tissue regeneration have largely focused on hyaluronic acid (HA) and its derivatives due to the significant relevance of HA's biological and biomechanical functionalities in vivo [65, 66] .
Hyaluronic-acid-based materials
Hyaluronic acid (HA), a linear non-sulfated and negatively charged glycosaminoglycan, is a major ECM component of SLP with roughly 6.4 mg mass for each mg of total protein in the vocal fold LP [67] . This high concentration of HA combined with its unique structural properties contributes significantly to its physiological, biological and mechanical properties in vivo. Specifically, the largely extended, loosely coiled molecular structure of HA allows extensive hydrogen bonding with water to yield highly viscous solutions, and thus it functions as a shock absorber to resist tissue compression where it acts as a tissue damper to protect the edges of vocal folds from oscillatory trauma encountered during sound production [65, 68] . Furthermore, the osmotic, viscoelastic and space-filling features of HA are critical in phonation as these properties influence the thickness, shape, and viscosity of the vocal fold [68, 69] . HA also interacts with cells through multiple cell surface receptors (e.g. CD44, present on the surface of VFFs and MSCs) to control signal pathways and regulate the HA degradation and mediate the inflammatory response (e.g., inhibit macrophage migration and aggregation) [70] . Unfortunately, native HA is often quickly degraded (within 3e5 days) after injecting into the VF through local hyaluronidase-mediated enzymatic degradation [71, 72] . This rapid degradation profile is undesirable from a tissue engineering perspective. Thus chemical modifications of HA are required to generate HA-derivatives with various reactive groups through carboxylate or hydroxyl residue conjugations (Fig. 2) that rapidly crosslink to form hydrogels with improved mechanical stability, controlled scaffold degradation, and elongated material retention in vivo.
Previous attempts to treat vocal fold scarring either by directly treating the SLP or with injection laryngoplasty have utilized augmentative substances such as polytetrafluoroethylene (Teflon), silicon, bovine collagen, and fat. However, observation of various drawbacks including inflammation, migration, immunogenic reaction, and resorption required search for other native substances such as HA-based hydrogels. A divinyl sulfone crosslinked HA hydrogel Hylan-B (also known as Hylaform and clinically available for plastic surgery for intradermal implantations), shown to be non-immunogenic, non-toxic and non-inflammatory in animal models, was proposed to treat vocal fold glottal insufficiency [73] . In 2002, Hylan-B gel was employed in a prospective and randomized clinical trial in Sweden, where Hylan-B and bovine collagen were injected to 83 patients with glottal insufficiency, and outcomes were examined at 1, 6 and 12 months post-injection. Evaluations were judged by patients' subjective ratings (e.g., visual analogue scales) coupled with digitized videostroboscopic measurements, phonetograms, and maximum phonation time [74] . Twelve months after injections, patients' self-ratings suggested significant improvements in both groups supported by the improved glottal closure characterized by videostroboscopy. Interestingly, the Hylan-B gel group exhibited preservation of the vibration amplitude and glottal area variations, and exhibited less resorption and increased maximum phonation time compared to collagen-injected VFs [74] . To further elucidate the differences observed in vivo, various augmentation substances were injected into non-injured rabbit vocal folds, and the mechanical properties (e.g., viscoelasticity) were compared to the native rabbit VF tissues. All injected materials exhibited decreasing dynamic viscoelastic properties with increasing oscillatory frequency. However, Hylan-B gel was the only injection group that reached similar viscosity to non-injected control samples and yielded the lowest dynamic viscosity over vocal folds injected with Teflon or crosslinked collagen (Zyplast) in both short-term and long-term conditions [75, 76] . Further expansion to repair damaged vocal folds involved the modification of Hylan-B gel and the introduction of photopolymerizable groups in order to adjust the swelling ratio and fine-tune the degradation kinetics of methacrylated HA hydrogels [77] . To date, Hylan-B gel and its derivatives were only used as space filling materials instead of as cell-gel constructs for comprehensive therapeutic treatment, and unfortunately Hylan-B is currently no longer on the market for clinical use in the United States.
Alternatively, a disulfide cross-linking strategy was developed to form soft hydrogels with thiol-modified HA in order to achieve improved material flexibilities and tunable hydrogel properties [78] . Dithiobis(propanoic dihydrazide) (DTP) was coupled to HA via carbodiimide chemistry to yield HA-DTPH macromolecules (Fig. 2 ) that can be oxidized to form disulfide linkage-based HA hydrogel. The formation of disulfide bond was reversible and hydrogels could be degraded upon the addition of dithiothreitol (DTT) or in the presence of hyaluronidase (HAse). The mild gelation reaction of the HA-DTPH solution under physiological conditions enabled the encapsulation of L-929 murine fibroblasts and supported the cell viability and proliferation in vitro [78] . Thiolated-HA films were implanted into subcutaneous flank and peritoneal cavity in a Wistar rat model and subsequent histological and cytochemical analysis revealed only a mild inflammatory response at both sites of implantation after 42 days in vivo [79] . Unfortunately, the clinical application of this material is limited due to the relatively long gelation time required to form stable hydrogels.
With improvements in fitting material parameters and crosslinking reactions to a narrow range of physiologically tolerant temperatures and aqueous environment, in situ crosslinkable and injectable hydrogels expanded their use in surgical implantation and clinical application. However, challenges remain in addressing the slow hydrogel gelation kinetics that potentially compromise the encapsulation and delivery of stem cells for in vivo vocal fold injection. In order to promote fast gelation, polyethylene glycol diacrylate (PEGDA, Mw ¼ 3400) was incorporated into HA-DTPH hydrogel system, with fast gelation (t < 9 min) achieved by tuning the molar ratio of PEGDA and HA-DTPH [80] . Materials properties such as porosity, crosslinking density, gelation kinetics, swelling ratio and degradation can be easily modulated via changing the material compositions (e.g., molar ratio between PEGDA and HA-DTPH). In vitro cytocompatibility was confirmed via encapsulating T31 human tracheal scar fibroblasts in these hydrogels with results indicating 10-fold increase in cell density after 4-week culture. In vivo biocompatibility was evaluated via subcutaneously implanting cell-loaded hydrogels in the flanks of nude mice. Immunohistochemical staining results indicated that encapsulated cells maintained the fibroblast phenotype and secreted extracellular cytokines without inducing necrosis or damage to surrounding tissues [80] .
Further modification of the carboxylic acids on the HA backbone via carbodiimide-mediated hydrazine chemistry to generate reactive thiol groups was achieved in order to alter the viscosity and reduce the degradation rate of a new class of HA derivative, Carbylan-S, also known as CMHA-S (Fig. 3) . To determine whether the application of injectable HA-based hydrogels at the time of intentional VF resection could facilitate wound repair and preserve the unique viscoelastic properties of the vocal fold ECM, prophylactic injection of Carbylan-SX hydrogel (Carbylan-S crosslinked with PEGDA) was performed and compared to HA-DTPH þ PEGDA hydrogel and saline injection in a rabbit model. Three weeks after injection and biopsy, the Carbylan-SX-treated vocal folds exhibited significantly less fibrosis formation compared to those of salinetreated scarred tissues and showed improved biomechanical properties of viscosity and shear elastic moduli values compared to HA-DTPH-PEGDA-injected vocal fold tissue (Fig. 4) [81] . These findings demonstrated that prophylactic in vivo manipulation of the extracellular matrix with an injectable Carbylan-SX hydrogel is capable of inducing vocal fold tissue regeneration to yield optimal tissue composition and biomechanical properties favorable for phonation, as well as minimize vocal fold scar formation at the time of surgery.
In order to improve cell attachment in HA-based injectable hydrogels towards a vocal fold tissue engineering application, a cell-adhesive, thiolated derivative of gelatin (Gtn-DTPH, 3,3'-dithiolbis(propanoic hydrazide)-modified gelatin) was introduced and co-crosslinked with Carbylan-S and PEGDA via a Michael-type addition reaction to form stable viscoelastic gels designated as Carbylan-GSX or Extracel ® (Fig. 3 ). Mongeau and coworkers measured the viscoelastic properties of Carbylan-GSX hydrogels over a wide range of high frequencies (40e4000 Hz) using a Rayleigh wave propagation method, and the storage and loss moduli were easily modulated by tuning gelatin concentrations to be within the range of mechanics of human VF tissues obtained from in vivo and ex vivo measurements [82e84]. The Thibeault group evaluated in vitro cytocompatibility of this matrix by culturing an immortalized human vocal fold fibroblast (hVFF) cell line in twodimensional and three-dimensional conditions and cell viability, morphology, proliferation, apoptosis, transcript gene expression, and inflammatory markers were measured. In 2D culturing system, immortalized hVFFs developed typically stretched, spindle-like fibroblast morphology similar to those seeded on the surface of polystyrene. In contrast, 3D encapsulated hVFFs in Carbylan-GSX hydrogels exhibited rounded, isolated morphology similar to those observed in Matrigel (Fig. 5 ) [85] . No significant differences were observed in cell viability, morphology, proliferation, apoptosis, and cell marker protein expression between Carbylan-GSX and Matrigel after 7 days of cell culture. Transcript gene analysis suggested similar expression of fibromodulin, transforming growth factor b-1 (TGFb-1), and tumor necrosis factoralpha (TNF-a) between Garbylan-GSX and Matrigel. However, upregulation of fibronectin, hyaluronidase 1 and cyclooxygenase II and down-regulation of interleukins 6 and 8, hyaluronic acid synthase 3 and Col I of hVFFs in Carbylan-GSX hydrogels were confirmed [85] . Later, the role of TNF-a in wound repair was systematically studied on a 3D, hVFF-encapsulated Carbylan-GSX hydrogel containing a range of dosages of TNF-a with results indicating that injectable hydrogels can enhance the role of TNF-a in promoting VF ECM degradation, remodeling the lamina propria, and potentially accelerating the wound healing process [86] . Cumulatively, these investigations proved that Carbylan-GSX did not induce significant toxicity or inflammation with additional secretion of mRNA relevant to the ECM constituents existing in lamina propria tissue. In initial in vivo applications, Carbylan-GSX with various gelatin concentrations was unilaterally injected in a rabbit vocal fold wound healing model to determine the optimal material composition that would promote wound repair and induce VF tissue regeneration [87] . The biomechanical properties and tissue repair outcome were also compared to those injected with Carbylan-SX hydrogels and saline controls. Gene expression analysis 3 weeks post operation revealed a higher level of HAse 2 production for Carbylan-SX and Carbylan-GSX 20% (20% gelatin) compared to saline control. Saline control samples demonstrated elevated viscous and elastic moduli compared to both Carbylan-SX and Carbylan-GSX gels due to higher level of fibrosis and unorganized collagen deposition. Carbylan-GSX containing 5% gelatin exhibited analogous biomechanical properties to human vocal fold mucosa and improved biomechanical properties to the greatest extent among all gelatin concentrations [68, 83, 88] .
The following investigations used this optimized material composition, Carbylan-GSX 5%, to characterize the molecular response during early stage wound repair in the vocal fold tissue for functional tissue improvements and implementation of future regenerative medicine strategies [89] . Twenty rabbits underwent bilateral vocal fold biopsy followed by immediate injection of Carbylan-GSX 5% into the left vocal fold with saline injection to the right; larynges were harvested at days 1, 3, 5 and 10 post-surgery and real-time reverse transcriptase polymerase chain reaction was employed to measure transcript expression of selected markers. At day 5, significant expression differences were found in procollagen, fibronectin and transforming growth factor b1 (TGFb1) between Carbylan-GSX 5%-treated and saline-treated groups, indicating the importance in establishing the initial wound structure to provide a basic lattice for subsequent healing events and to improve wound healing. Results indicated that sECMs in the wound bed during early stage tissue repair can amplify the normal rabbit vocal fold wound-healing process over a short period of time which may lead to the recovery of functional biomechanical properties of VF tissues required for voice production [89] . Long term effects of prophylactic hydrogel injections on tissue repair and biomechanics of lamina propria in a rabbit model was also conducted 6 months after treatment. Carbylan-GSX 5%-treated rabbit vocal folds exhibited viscous properties and elastic shear moduli values significantly lower than saline-injected scar tissue [72] . The improved viscoelastic properties of rabbit VFs measured at 6 months post-treatment is likely due to improved healing processes with minimal fibrosis formation. These results indicated that the early benefits of prophylactic injection of HA-derived hydrogels at the time of surgery (measured at 21 days post-injury) could be maintained through to the chronic stage of repair after 6 months, suggesting the utility of injectable hydrogels in facilitating vocal wound repair and engineering scarred vocal fold tissue.
In parallel, various biomimetic approaches have also been investigated towards tissue regeneration of the scarred vocal fold lamina propria using HA-based hydrogels [90, 91] . The therapeutic effectiveness and outcome have been evaluated in injured rat vocal fold model among following groups: (1) transplantation of isolated bone marrow mesenchymal stem cells (BM-MSCs) alone, (2) injection of Carbylan-GSX 5% hydrogel alone and (3) delivery of Carbylan-GSX 5% hydrogel with encapsulated BM-MSCs [91] . The results indicated that treatment of vocal scarring with BM-MSC injected in a Carbylan-GSX hydrogel exhibited the most favorable outcomes in promoting ECM deposition, hyaluronan metabolism, and production of TGF-b1 without increasing myofibroblast differentiation. This combined delivery approach displayed no detectable cytotoxicity and preserved local cell proliferation, thus enhancing the qualities and biological competence of the replace tissues. Therefore, embedding BM-MSCs or any other relevant cell types in a vehicle of degradable HA-based hydrogels for injection in injured vocal folds represents an attractive therapeutic strategy for future clinical trials.
Native materials and biocomposites
ECM-derived native materials, such as collagen and fibrin, can be reconstituted in vitro to form mechanically stable bioactive matrices for 3D cell culture scaffolds and fundamental biology investigations. Decellularized tissue scaffolds These native ECMbased tissue engineering scaffolds have thus been extensively studied and applied to various biomedical applications due to their complex structural integrity and function, biological recognitions, and inherent biocompatibility [54, 56, 92] . Kanemaru et al. was the first to report the therapeutic benefit of injecting autologous MSCs encapsulated in 1% hydrochloric acid atelocollagen to facilitate the regeneration of injured canine vocal folds [93] . The observed in vivo cell proliferation within the atelocollagen scaffold indicated that atelocollagen is suitable for vocal fold tissue engineering. [94, 95] .
Kishimoto et
Long et al. proposed that replacing the entire vocal fold cover instead of addressing only the lamina propria might be a more effective strategy to treat severe VF scars. They initially encapsulated adipose-derived stem cells in fibrin hydrogels and applied epidermal growth factor (EGF) which led to the differentiation of ASCs into epithelial cells near the air surface interface with the majority of mesenchymal cells remaining undifferentiated within the bulk matrix. The resulting stratified tissue-engineered bilayered constructs resemble the vocal fold epithelium and lamina propria [96] . Further mechanical characterization revealed that the epithelialized construct shared similar elastic indentation moduli and collagen microstructure with excised human VF covers (Fig. 6 ). The construct was also able to oscillate and withstand physiological shear airflow when attached to an excised larynx model of phonation, suggesting that replacement of the entire vocal fold cover might provide another alternative to effectively address severe VF scars [97] .
Although collagen, fibrin and other naturally-derived materials described above have previously resulted in some level of improvement in VF function post-implantation, gel resorption and/ or compaction has generally limited the long term in vivo outcome of these materials. For example, previous collagen injections intended to remediate VF scarring have been reported to yield diminutive outcomes due to unmatched biomechanical properties of collagen (a dynamic viscosity is an order of magnitude higher than normal VFs) [98] as well as foreign body reaction and resorption response in vivo [5, 99] . Most recently, ground-breaking studies from the Welham group describe fabrication of a type-I collagen-based organotypic model where patient-donor isolated primary vocal fold fibroblasts (VFF) were encapsulated with epithelial cells and subsequently seeded at the air-liquid interface of the matrix to create a transplantable, bioengineered VF mucosa [100] . These approaches offer potential for treatment of patients with severe VF fibrosis and large tissue loss. The resulting bioengineered-mucosae exhibited encouraging resemblance in morphology to native human VF mucosa at 2 weeks with a distinguished~50 mm-think stratified squamous epithelium layer on top of sparsely VFF-populated lamina propria. Furthermore, this VFF-VFE co-cultured platform also demonstrated proteome-level evidence of organogenesis-specific enrichment coupled with emerging ECM protein complexity, anatomic substructural architecture and initiation of immature physiological epithelial barrier function. The VFF-driven contraction of this bioengineered mucosa was able to sustain physiological driving pressures, restore highfrequency vibratory function with physiological mucosal wave travel and aerodynamic-to-acoustic output in an ex vivo excised canine larynx model. The translational therapeutic efficacy of the bioengineered VF mucosa was confirmed by auto-and alloengraftments into humanized mice in vivo, exhibiting low immunogenicity and high tolerance in the human adaptive immune system [100] . This elegant bioengineering tissue regeneration framework offers significant potential for producing biochemically capable, physiologically relevant and clinically valuable bioengineered VF mucosae. It lays the groundwork for future investigation in mechanical force/signal input and the design of structured scaffolds, such as introducing fibrous proteins to capture the layered architecture of native VF mucosa. Towards this end, in order to determine the optimal composition of synthetic ECMs that would promote the wound healing and tissue regeneration for vocal fold tissue engineering without scar formation, natural biomaterials are often combined with other naturally abundant biomacromolecules to achieve desired material properties and enhanced biocompatibility.
The combination of natural macromolecules has been actively employed as a novel strategy to enhance matrix complexity and to generate composite materials that can encompass a wide range of physical and chemical properties to accommodate a broader spectrum of functional requirements [101, 102] . By optimizing material composition between two or more components in a given system, desired composite materials can be fabricated as particles, films, fibers and hydrogels [103e108]. These platforms offer material analogues comparable to synthetic polymers, yet with expanded utility from the tailorabilities of material composition, mechanical properties, degradation kinetics, chemical functionalization, and intrinsic biocompatibility. Applications include vocal fold tissue engineering, but also drug delivery, biosensors, and electrical and optical devices.
Zeitels and coworkers investigated in vitro effects of 5 hydrogels (HA, collagen, fibrin, fibrin-collagen, and fibrin-HA) on the differentiation of adipose-derived stem cells (ASCs) to establish the longterm conditions necessary for controlling the differentiation of ASCs into equivalent counterparts of functional SLP fibroblasts [109] . Proliferation data suggested cells encapsulated in fibrinbased hydrogels (fibrin, fibrin-collagen and fibrin-HA) exhibited higher growth rates and elastin expression compared with cells grown in collagen or HA gels, possibly due to the stabilization of scaffolds by increasing compaction and cell-cell contact within the fibrin gel consistent with previous reports [110] . ASCs encapsulated in the composite hydrogels displayed elongated morphology, secreted the decorin marker, and demonstrated GAG synthesis, indicating ASC differentiation. The data presented suggested possibilities of controlling stem cell differentiation via choosing appropriate scaffolds for VF tissue engineering applications. Hahn et al. combined collagen with either HA or a GAG-analogue, alginate to investigate their ability to support the ECM synthesis and to inhibit VFF-mediated hydrogel compaction. The results revealed that injectable collagen-alginate hydrogels were able to support the viability of 3D encapsulated VFFs and stimulate the development of spindle-shaped cell morphology and vocal fold relevant ECM synthesis with limited observation of matrix compaction over 42 days of culture compared to collagen-HA hydrogels, suggesting the potential as VF SLP regeneration scaffolds [104] .
Other HA biocomposite hydrogels involved mixing human adipose-derived MSCs (hAdMSCs), HA with mildly cross-linked alginate hydrogel as an injectable cell carrier to promote VF repair. The existence of mildly-crosslinked alginate improved the residence of HA in vivo without leading to any abnormal tissue response in a wound healing model. The incorporation of hAdMSCs in HA-alginate hydrogel elongated the retention and maintained the viability of hAdMSCs in vivo up to 1 month in a VF-injured rabbit model [111] . Histological evaluation suggested that the administration of hAdMSCs in HA-alginate hydrogels ameliorated excessive deposition of collagen I, up-regulated the HGF activity in regenerating VFs, and exhibited functional improvements in restoration of VF mechanics compared to only hAdMSCs treated injured VFs, likely due to the stimulation of HGF activity of native fibroblasts. The data suggested the great potential of hAdMSCcontaining HA-alginate hydrogel towards promoting the residence of stem cells in VFs and facilitating VF wound healing without fibrosis [112] .
Composite hydrogels based on hydrazide-modified HA and aldehyde-modified dextran with various crosslinking densities were also investigated for augmentation/regeneration of the lamina propria tissues in ferret VF [113] . The results demonstrated that the in vitro degradation kinetics and mechanical properties can be modulated via adjusting the proportions of these two polysaccharides. With the increased dextran content, the crosslinking density increases, which directly increases the mechanical properties and decreases the degradation rate. Mild inflammatory response was observed around material-tissue interfaces with less crosslinked HA-dextran composite hydrogel formulation in vocal folds using a ferret animal model (Fig. 7) , suggesting the promise of in vivo application of HA-dextran-based composites [113] . Although these ECM-derived natural biocomposite materials exhibited promising results toward regenerating injured or atrophied VF tissues, they inevitably suffer from batch to batch variation, heterogeneous chemical composition, poor mechanical properties, and lack of flexibility in independent tuning of scaffold properties, which limits the application of these materials for engineering the complex, layered structure of human VFs. Descriptions of decellularized tissue scaffolds are not included in this review, due to the fact that these types of materials do not offer the chemical versatility of synthetic materials for engineering structural, mechanical and biological properties, which are the focus of this review. For details on the use of decellularized materials, interested readers are referred to other publications [114e116].
Microgels
The aforementioned simple mixture of various natural biopolymers generally yields scaffolds with compromised structural integrity and poor mechanical stability. Although chemical crosslinking reactions have been introduced in those systems to improve mechanical properties and degradation time, the limited surface contact area between natural biopolymers inevitably hampers the desired microstructure and mechanics of a biomaterial. In attempts to overcome these limitations, biocompatible microgels with large surface-to-volume ratio and wide range of particle size distributions have been investigated for numerous biomedical applications including vocal fold tissue engineering [117e119]. Jia and coworkers developed HA-based microgels and crosslinked microgel networks with tunable degradation and mechanical properties suitable for vocal fold regeneration. Hydrazide-modified HA (HAADH) and aldehyde-functionalized HA (HAALD) were crosslinked to form microgels through the inverse emulsion droplets yielding microspheres with an average diameter size of 10 mm. The presence of residual functional groups allows subsequent crosslinking of the microgels with other polymers to generate doubly crosslinked networks (DXN)s. DXNs had tunable viscoelasticity similar to the range of canine vocal fold tissue when assessed via torsional wave experiments measured at human phonation frequencies [120] . The group modified their strategy and adopted a more versatile technique for preparing crosslinkable HA hydrogel particles (HGP) via chemical crosslinking with divinyl sulfone using a sodium bis(2-ethylhexyl) sulfosuccinate (AOT)/isooctane/water reverse micelle system to fabricate particles with reduced size (d~900 nm). Sodium periodate-oxidized HA HGP can be further crosslinked with HAADH to form macroscopic hydrogels with two distinct hierarchical micro-networks; one within individual particle gels and another among different particles. The microstructural properties of HA-DXNs were characterized by microscopic and neutron scattering techniques with images indicating two distinct phases (Fig. 8) . These HA-DXNs microgels exhibited highly pliable extensibility (strain-to-break approx. 200e300%) and similar elastic shear moduli to those of the vocal fold lamina propria. In vitro cell proliferation assays revealed that these microgelreinforced DXNs did not elicit adverse effects on the viability and proliferation of fibroblasts, indicating the potential application of HA-DXN hydrogels for regeneration of the vocal fold layered mucosal microstructures [121, 122] .
The Mongeau group fabricated a HA-Gtn-based, hierarchical network structure with microparticles embedded and crosslinked in a secondary HA-based network to reinforce mechanical properties, with an application aimed towards vocal fold injection. The composite microgels were successfully fabricated through copolymerization of HA, Gtn and PEGDA using a standard "water in oil" emulsion technique yielding uniformly distributed particles (~800 nm diameter) in HA-networks. The particles' Young's modulus were~22 kPa and bulk gel shear moduli were around 75 Pa at 1 Hz, as characterized via AFM and oscillatory rheology measurements respectively [123] . These microparticle-reinforced hydrogels promoted hVFF adhesion, spreading, proliferation and exerted enhanced cell migration (average motility speed: 0.24 mm/ min) in the external HA network as a result of controlling cellular adhesion at the interface of densely-crosslinked microgels, a phenomenon not observed in HA-Gtn composites lacking microgels [124] .
In vivo vocal fold injection of HA-Gtn-based microgels for the treatment of acute vocal fold injury was investigated in SpragueDawley rats following unilateral vocal fold stripping. Saline, HAbulk gel and HA-Gtn microgel were injected into the LP 5 days after surgery and H&E staining as well as other immunohistochemistry staining for macrophages, myofibroblats, elastin, collagen type I and III were analyzed. The results indicated that the macrophage count was significantly lower in the HA-Gtn microgel group than that in the saline-injected VFs at day 28, suggesting that HA-Gtn microgels did not induce a significant inflammatory response [125] . These composite hydrogels with enhanced surface areas that allow improved cell adhesion and migration offer an effective cell substrate platform for potential therapeutic avenue for VF regeneration.
Synthetic polymer materials
Current surgical techniques and standard augmentation substances have proven rather difficult for the complete treatment of VF scars or paralysis, with clinical management procedures producing inconsistent and often suboptimal results [5, 126, 127] . The encouraging outcomes discussed in the aforementioned in vivo animal experiments and initial human trials of injectable biomaterials proposed to treat VF scars may not be uniformly useful, due to the heterogeneity of voice disorders and the limited tunability of the properties of the most commonly employed materials (e.g., viscoelasticity, procedural simplicity). Polymer-based materials have been widely employed for various biomedical applications including vocal fold tissue engineering due to their flexibility in tuning materials properties such as porosity, crosslinking chemistry and density, microstructures and mechanical strength, as well as coupling multiple biological moieties to the scaffolds [56,63,128e130 ].
Hahn and coworkers employed a US Food and Drug Administration (FDA) approved polymer, polyethylene glycol (PEG)-based hydrogel (PEG30) to investigate the effects of functional material parameters (e.g., mesh size, mechanics, degradation rate and bioactivity) on cell behavior and pliability of the mucosa. Porcine VFFs were encapsulated in four PEGDA hydrogels with degradation half-lives of approximately 25 days with results indicating initial elastic compressive moduli and mesh sizes ranging from 30 to 100 kPa and 9e27 nm, respectively [131] . After 30 days of in vitro culture, VFF ECM deposition and phenotype demonstrated a strong correlation with initial hydrogel mesh size and elastic moduli. Specifically, sulfated glycosaminoglycan (sGAG) synthesis increased with the increased initial modulus and the decreased mesh size, while elastin production decreased with these parameters. The collagen deposition strongly depended on initial hydrogel mesh size, which is consistent with the trend of myofibroblastic phenotype induction of encapsulated VFFs [131] . Zeitels and coworkers further investigated in vivo biocompatibility by injecting PEG30 hydrogel unilaterally into 16 normal canine VFs and subsequently evaluated the vocal fold function by recording vibration and phonation threshold pressures using high-speed video and analyzing 3-dimensional reconstruction using magnetic resonance images (MRI) and histological staining [132] . To ensure maximal impact on VF vibratory function, 11.7-T MRI imaging serial-section histological analysis of excised confirmed that PEG30 hydrogels were injected into the superficial layer of the VFs (Fig. 9) . All PEG30-injected VFs displayed mucosal wave activity with low average phonation threshold pressure, indicating that the presence of PEG30 did not have a detrimental impact on normal phonatory vibration, vibratory amplitude and phonation threshold pressure compared to the non-injected, contralateral vocal folds [132] . Only a minimal biological response was observed in the SLP with no evidence of an acute inflammatory response either in terms of the vocal fold surface or histological findings. Time-dependent resorption of PEG30 hydrogel by phagocytosis yielded minimal foreign body reaction without inducing fibrosis or causing mechanical stiffness. Overall, the data presented a promising biocompatible candidate to restore functions to deficient phonatory mucosa with additional modulation of material properties toward VF clinical application [132] .
Kwon and coworkers selected other FDA approved polymers (polycaprolactone (PCL) and Pluronic F127) and developed injectable hydrogels with PCL spheres embedded within thermoresponsive Pluronic F127 matrix for injection laryngoplasty in a rabbit model to evaluate its potential to treat unilateral vocal fold palsy. Endoscopic and histological analysis showed that the PCL spheres/ Pluronic F127 gel mixture exhibited excellent integration with the surrounding tissues, maintained the injected volume without migration or induction of inflammatory response, decreased the vocal gap, and improved asymmetric VF movement, suggesting its potential as a new therapeutic biomaterial to treat VF paralysis [133] . In parallel, the authors investigated the effects of another synthetic and biodegradable polymer poly(lactic-co-glycolic acid) (PLGA) with Pluronic F127 mixture for the augmentation of atrophied VFs. Laryngoscopic analysis showed that both 5 wt% and 10 wt% PLGA/Pluronic F127 gels maintained their integrity 8 weeks after injection without inducing significant inflammatory response.
High-speed camera examination revealed regular and symmetric collision of VF mucosa without distorted movement, confirming its suitability for injection and offering potential additional advantages of incorporating growth factors or delivering drugs in the vocal folds [134] .
Other polymer-based matrices have also recently studied and reported for vocal fold tissue engineering application. Polyether polyurethanes (PEUs), a commercially available medical-grade polymer, were proposed as a 3-dimensional environment where candidate cell types and therapeutics would be seeded and vibrated in a bioreactor to evaluate the effects of stress, strain and frequency on cellular behavior [135] . The morphological and mechanical properties of various concentrations of PEU foams with different porosities were characterized and compared to native VF tissues. Oscillatory rheology, dynamic mechanical analysis and scanning electron microscopy data revealed that the tunable elastomeric mechanical properties of PEUs (shear storage moduli in the range of 2e6 kPa; shear loss moduli from 0.2 to 0.62 kPa) with 20-mm diameter pore size are suitable for cell seeding. The authors proposed that the range of PEU mechanical properties can serve as a platform for modeling various VF diseases, such as vocal scarring or different phases of mucosal hydration [135] . Together, these examples suggest that the integration of synthetic versatility, tunability of desirable bulk mechanical properties, and controlled matrix degradation of polymeric biomaterials could offer great potential in optimizing material properties for vocal fold tissue engineering.
Polypeptide-based materials
Elastin-like polypeptides
Elastin is the second most abundant protein in vocal folds. Thin, mature elastin fibers comprise approximately 9% of total protein by weight, and play a pivotal role in vocal fold vibration [67] . Previous quantitative analysis of elastin distribution in the LP revealed that mature elastin fibers allows LP tissues to extend to large deformation and recoil to its original configuration repeatedly under high frequency. The superficial layer of the lamina propria contains a considerable amount of immature elastin fibers, while high concentrations of mature elastin fibers exist in the intermediate and deep layers of LP [67, 136] . Changes in the formation, structure and organization during elastin fiber self-assembly can alter vocal fold vibration and mucosal wave propagation, compromising the critical mechanical properties of VF (e.g., viscosity, elasticity) and potentially interfering with the production of sound [2,136e138] .
Although the vocal fold contains a larger amount of elastin than that found in skin, native elastin is rarely used in tissue engineering scaffolds due to its substantial insolubility, extraction difficulty, the need for high temperature and multi-step purification, and the potential of disease transmission [139e141]. Given native elastin's remarkable properties including significant elasticity, selfassembly features, mechanical stability, and biological activity, the generation of various types of synthetic elastin-based biomaterials is attractive [140, 142] . Accordingly, over the past two decades, tremendous research efforts have been devoted to the synthesis of "bio-rubbers" that mimic the inherent elasticity of natural elastin. Recombinant DNA technologies and solid-phase peptide synthetic methodologies have been applied for the synthesis of artificial tropoelastin, elastin-based peptides and elastinlike polypeptides and fabrication of elastin-based hydrogels, micelles, and electrospun fibrous scaffolds, with essentially most studies employing amino acid sequences based on the consensus sequence of elastin, VPGVG [107,143e149] .
Motivated by the mechanical properties and biological features of natural elastin in native vocal fold tissues, Grieshaber et al. developed elastin-based hybrid elastomeric hydrogels that mimic the multiblock molecular architecture of tropoelastin and the excellent mechanical properties of native elastin [150] . The multiblock elastin-mimetic hybrid polymers (EMHPs) are composed of alternating poly (ethylene glycol) block and alanine-rich, lysinecontaining elastin-peptide block synthesized via azido-alkyne mediated orthogonal click reaction [151, 152] . EMHPs can be chemically crosslinked with hexamethylene diisocyanate (HMDI) to form elastomeric hydrogels with compressive modulus close to 0.12 MPa when hydrated and without exhibiting any deleterious effects to the growth of primary porcine vocal fold fibroblasts (PVFFs) [150] . Following the initial success of the synthesis of EMHPs, a cell-binding domain (CBD) was chemically conjugated to the backbone of this polymer-peptide multiblock and the crosslinked EMHP-CBDs supported the attachment, spreading and proliferation of neonatal human dermal fibroblasts (NHDFs) [153] . Inspired by the highly aligned and organized ECM network (which becomes disorganized upon injury) in normal vocal folds [2, 22] , the Woodhouse and Thibeault groups investigated the impact of aligned and unaligned fibers on cellular morphology, gene expression, and matrix organization of vocal fold fibroblasts on electrospun, ELP4-coated TecoflexTM scaffolds for the development of potential VFLP construct candidates [154] . This ELP4 contains the VGCAPG-based 20-24-24-24-24 gene sequence with exon 21 and 23 as crosslinking domains between the hydrophobic domains [155, 156] . The ELP4 coating was introduced to the electrospun scaffolds in order to enhance the biological function and promote ECM deposition during wound healing in scarred vocal fold tissues. Both unaligned and aligned scaffolds with or without coated ELP4 promoted viability and proliferation of HVFFs with aligned scaffolds demonstrated a significant effect on the angle of orientation of seeded HVFFs. However, with the ELP4 coating, aligned fibrous scaffolds up-regulated elastin synthesis after 7 days of culturing without a concomitant up-regulation of collagen III synthesis [154] . Collectively, these results indicate that the elastincoated, aligned scaffolds are promising candidates and could provide significant insights to guide vocal fold scar treatment.
Overall, these elastin-inspired biomaterials demonstrate encouraging in vitro findings with VFLP-related cell types, provide interesting clinical implications and offer possible insights to the generation of novel implants and strategies for treating vocal fold scars and disorders. However, the multiple steps in the chemical synthesis, the limited tunability of material parameters, and the mismatch of the mechanical properties of the resulting materials with those of native VFs have largely minimized the applications of elastin-based biomaterials towards vocal fold tissue engineering, with most materials showing significant hysteresis upon application and release of strain and limited independent tuning of biological properties. Other types of "bio-rubbers" that are totally or partially synthetic do not offer the complexity of their natural counterparts. Thus, the development of new elastomeric biomaterials would offer new opportunities in VF treatments.
Resilin-like polypeptides
Another novel bio-rubber, the insect structural protein resilin, which is normally found in the specialized compartments of the cuticles of insects, offers unique and unprecedented advantages in engineering new elastomeric and highly mechanically active biomaterials [157, 158] . Resilin exhibits rubber-like elasticity characterized by low stiffness, high extensibility, and efficient energy storage, which support its critical roles in insect flight and jumping [159e164] . Like elastin, resilin contains distinct, repetitive domains of elastic sequences, and once crosslinked, resilin exhibits excellent elastic properties, with extremely high rubber efficiency (resilience) [165, 166] . Resilin also exhibits a remarkable fatigue lifetime, surviving repeated contraction/extension cycles, in some cases greater than 400 million cycles, of 200e4000Hz [142,167e169] . Resilin isolated from insect sources is a functional elastomer at frequencies up to at least 25 Hz, where its resilience is still 70%, and it is a major component of the wing systems of insects with wingbeat frequencies in this range [142,170e172] . Although this protein was discovered over 50 years ago [159,173e175] , its application had been severely hampered by the lack of reliable routes for its largescale production. The excellent reversible elasticity, high-frequency responsiveness, and hydrophilicity of natural resilin motivated our interests to expand the use of RLPs as a new class of bioelastomers in the engineering of mechanically active tissues including vocal fold tissue engineering.
In 2001, the putative genes for resilin were identified for Drosophila melanogaster and for a mosquito analogue Anopheles gambiae. [165, 176, 177] The successful generation of multiple recombinant versions of resilin has opened up routes to the engineering of biologically active materials with desired mechanical properties (at both low and high frequencies) for tissue regeneration applications such as vocal folds [166,178e182] . In the initial attempts to engineer such hydrogels, the Kiick laboratories have adopted 12 repeats of a 15-amino-acid repetitive sequence with the putative motif GGRPSDSYGAPGGGN as a structural domain to impart mechanical properties, with additional incorporation of the cell-binding ligand RGDSPG [183] , the matrix metalloproteinase (MMP)-sensitive sequence GPQGIWGQ [184, 185] and the heparinbinding domain KAAKRPKAAKDKQTK to induce matrix-cell interaction [63, 186, 187] . The resilin-like polypeptides (RLPs) are easily crosslinked to yield tunable elastic shear and Young's moduli of values comparable to those measured for vocal fold tissues (500e5000 Pa at low frequency (1e10 Hz), 200e2000 at higher frequency (30e150 Hz) and 10e50 kPa at low strain (<15%), respectively) [18,188e190] . Hydrated, crosslinked films of RLPs also show excellent extensibility (up to 300%), efficient recovery, negligible stress relaxation and hysteresis, as well as high resilience (97%) characterized via standard stress-strain cyclic tensile testing, suggesting their flexibility and utility to efficiently transmit mechanical forces. Encouragingly, the RLP-based hydrogels demonstrated positive cytocompatibility and supported the adhesion and proliferation of mouse NIH3T3 fibroblasts [188, 189] .
To fabricate a biomimetic microenvironment of the vocal fold, it is critical not only to provide cells a mechanically appropriate 3D matrix, but also to impart tailorable cell-matrix interactions to regulate cellular response [147, 191] . Towards this purpose, a family of new RLP constructs was designed, with each polypeptide equipped with a single and different biological sequence [192] . Via this straightforward approach, it is possible to independently modulate the concentrations of cell-binding, MMP-sensitive, and heparin-sequestering domains in materials of selected mechanical properties; i.e., the biological composition can be easily decoupled from the mechanical properties of RLP-based hydrogels (Fig. 10) , offering exciting new opportunities in the engineering of vocal fold therapeutic materials. Cytocompatible Mannich-type condensation cross-linking chemistry was employed to facilitate fast hydrogel formation. The resulting RLP-hydrogels exhibited essentially similar elastic shear and Young's moduli across various material compositions, but demonstrated drastically different cell culture outcomes derived from the identity and concentration of selected biologically active sequences presented in the hydrogels [192] . Further mechanical characterization (e.g., oscillatory shear, uniaxial stress-strain cyclic tensile, creep, stress relaxation) of these newly synthesized RLP-hydrogels indicated reversible elongation, superior elasticity, efficient energy storage, and excellent resilience, consistent with our observation of previous characterized RLPs [189,192e194] . The mild reaction condition supports the viability, attachment, spreading of seeded hMSCs on the surface of RGDcontaining RLP-hydrogels. The rapid gelation permits 3D encapsulation of hMSCs in these RLP matrices without compromising cell viability or material mechanical integrity over at least 21 days. Preliminary characterization of inflammatory responses to the injectable RLP hydrogels indicated that the materials did not activate cultured macrophages or elicit significant inflammatory response after subcutaneous transplantation of the hydrogel in a rat model, suggesting the significant potential for supporting the biological and mechanical properties necessary for vocal fold in vivo application [192e194] .
In addition, the Kiick laboratories have also discovered that incorporating various RLP constructs into bulk matrices with different PEG molecules results in a liquid-liquid phase separation that positively impacts cellular behavior. Micro-scale phase separated solutions can be crosslinked into solid hydrogels via multiple crosslinking strategies, providing a versatile platform for tailoring chemistries, material composition, bulk mechanics, microstructures and scaffold degradation [181,195e197] . These systems will be advantageous for engineering growth factor sequestration and release, via the incorporation of glycosaminoglycans that will not negatively impact their elastomeric behavior, and also could be combined with in vivo cell delivery for treating VF diseases. All clinical and experimental biomaterials discussed are also summarized in Table 1 .
Bioreactor development
Vocal fold biomechanics
The functional agility and dexterity of vocal fold tissue during vibration are a result of the unique laminated and anisotropic structure of the vocal fold tissue. From a biomechanics perspective, vocal fold tissue must be able to sustain repetitive tension, fluid shear, and high impact collision, effectively transferring aerodynamic energy to acoustic energy for sound production [17, 198] . The mechanical properties of excised vocal fold tissue have been measured under tension [199] or shear, at low and high frequencies [18, 88, 190, 200] . Non-invasive methods have also been developed to determine the shear modulus of human vocal fold tissue in vivo by analyzing the mucosal wave propagation speed during phonation with the aid of high speed digital imaging and magnetic resonance imaging [83] .
Bioreactor designs and high-frequency vibration outcomes
The unique mechanical environment of vocal fold tissue suggests that cells residing in the tissue are genetically programmed to respond to vibratory forces and force gradients with high sensitivity that differentiates them from other types of fibroblasts (e.g. skin fibroblasts). Critical questions in vocal fold physiology concern the differences in composition of different layers of the LP. The mechanical environment of the cells appears to be responsible for these differences. Differences in the magnitudes of forces in the superficial and deeper layers of the lamina propria may induce expression of different genes in the different layers. These questions have motivated the development of vocal fold bioreactors to simulate the mechanical environment of the vocal fold tissue, in order to understand the effects of physiologically relevant vibrational forces on cell functions and to stimulate the cellular production of vocal fold-like ECM for vocal fold tissue repair and regeneration purposes [201] . Wolchok et al. described a simple design, in which a cell culture well was driven into oscillation at phonation frequencies by an attached electromagnetic voice coil actuator [202] . The base of the cell culture well was either a poly(dimethyl siloxane) (PDMS) sheet or a polyurethane foam, serving as a substrate or scaffold for the dynamic culture of human laryngeal fibroblasts. The study showed that vocal fold-like vibrations at 100 Hz at a strain up to 50% for 1e21 days influenced the expression of several key matrix and matrix related genes, enhanced the secretion of the profibrotic cytokine TGF-b1, and increased the accumulation of the extracellular matrix proteins, such as fibronectin and type I collagen. Moreover, vibration-conditioned constructs are stiffer than the static controls [202] .
Titze and Hitchcock developed a more sophisticated bioreactor that provides both tensile and vibrational stresses [203] . In their system (Fig. 11) , a low frequency (or static) actuator was coupled to a series of connectors and levers to provide axial substrate elongation. The high frequency vibratory stimulus to the scaffolds was generated using a voice coil actuator connected to a lever, which is attached to a vibrational bar. This bar moves the four vibrator arms of the flask that drive the cell-encapsulated scaffolds to oscillate at frequencies of 20e200 Hz with strains up to 25%. Using this bioreactor, Kutty et al. discovered that fibroblasts, encapsulated in a photocrosslinked hyaluronic acid hydrogel, responded to vibration by increasing the expression levels of key ECM proteins, accumulating sulfated glycosaminoglycans and decreasing collagen production. Importantly, expression levels exhibited a temporal response, with maximum increases observed after 3 and 5 days of vibratory stimulation and significant downregulation observed at 10 days [204] . The Jia group (Farran et al.) used a bioreactor to investigate the effects of a range of frequencies (60e300 Hz) and amplitudes (1e30 mm) on the behavior of neonatal foreskin fibroblasts (NFFs).
They did not observe any changes in morphology of NFF growing on static versus vibrating membranes. NFF had an increase in proliferation when exposed to the 110 Hz frequency at 30 mm amplitude, but this was not observed at any other frequency condition. They also found that lower frequency, lower amplitude conditions resulted in increased expression of collagen I. Two other ECM components involved in degradation and remodeling, tissue inhibitor of metalloproteinase 1 (TIMP) and metalloproteinase 1 (MMP1), had altered gene expression depending on frequency. Overall, this work showed the potential impact of frequency and amplitude on cellular proliferation and ECM regulation, two important variables when considering human voice production [205] .
To overcome the inertia problems associated with mechanically driven vibration devices, Tong et al. designed a bioreactor that generates vibratory stimulations by air oscillation [201,205e207] . This bioreactor is composed of two metal bars, each housing four parallel vibration modules (Fig. 12) . The module containing a sandwiched PDMS membrane (b (iii)) is directly mounted on top of a speaker (a(i)) that is controlled by a speaker selector. A watertight vibration chamber is created by sandwiching an elastomeric membrane between a pair of hollow-centered acrylic blocks. The vibration signal generated by the speaker is translated to the vibration chamber by the oscillating air pressure [201, 206] . Under phonation relevant conditions, the silicone membrane oscillates in an axisymmetrical fashion [205] , and the mid-membrane normal displacement (w 0 ) is a linear function of the driving frequency and voltage. MSC-laden fibrous polymer scaffolds were incorporated into the bioreactor and were cultured dynamically at 200 Hz for a total of 7 days. Cells cultured dynamically in the bioreactor were metabolically active. The reinforcement of actin filaments and the enhancement of a 5 b 1 integrin expression were observed under selected dynamic culture conditions. A 7-day on/off regime significantly enhanced matrix synthesis and remodeling and substantiated MSC's adaptation of the fibroblastic phenotype [201] . A follow-up investigation using the Tong bioreactor revealed that vibratory culture primed and sensitized the MSCs for the subsequent connective tissue growth factor treatment [206] . Vibrations and soluble growth factors cooperatively mediated MSCs functions, leading to an accelerated ECM synthesis and balanced ECM remodeling; and the classical Erk1/2 pathway was critically engaged in the mechano-biochemical cooperation. Limitations of the Tong bioreactor include small in-plane strain and the absence of collision forces. In addition to custom-designed devices, commercial rheometers have been adapted and modified to administer physiologically relevant shear vibrations at 20e100 Hz to natural or replacement tissues, while simultaneously measuring tissue viscoelastic properties [208, 209] .
In contrast, a study by Gaston et al. examined the impact of vibration on gene expression using a bioreactor that simulates the VF by subjecting cell-seeded sECM with vibration, tensile stress and dynamic angle change three stimuli and did not find significant differences in expression of selected ECM components (collagen I, TGF-b1, or fibronectin) between the hVFF and bone marrowderived MSC exposed to 8 h of vibration versus static controls [210] . However, it is possible that other ECM components, as described in Zerdoum [207] and Tong [206] , may have been affected. Bartlett et al. also employed a bioreactor as a way to investigate the responses of bone marrow derived versus adipose tissue MSCs (BM-MSC vs. AT-MSC) as compared to vocal fold fibroblasts in terms of multiple strain and vibration conditions using microarray assay. Cells in the vibratory condition underwent simultaneous longitudinal tensile strain with vibrations at 200 Hz over a 24 h period. No significant differences in cell proliferation were observed across various cell types or vibrational conditions. Overall, BM-MSC had more similar profiles to VFF than AT-MSC for genes involved in wound-healing based on the microarray analysis. They found lower expression of osteogenic genes, in BM-MSCs in the vibratory and stationary scaffolds as compared to cells grown on polystyrene surfaces, suggesting that the use of these scaffolds may reduce the risk of osteogenesis in this cell type [211] . The continued use of bioreactors as a way to investigate cellular response is necessary to evaluate potential sources for tissue regeneration in vocal fold scar.
Current limitations and needs for advanced designs
Although the existing vocal fold bioreactors capture certain features of the vibrating vocal fold, none fully integrates the complex biomechanical environment of the native tissue. Further, the desire to achieve mechanical stimulation at human phonation frequencies inevitably results in the introduction of undesirable physical perturbations and experimental constraints for in vitro cell culture. For example, the turbulent media flow and the inability to accommodate multiple samples limit the usage of Wolchok bioreactor in tissue engineering applications. Limitations of the Hitchcock bioreactor, on the other hand, include non-uniform strain distribution along the porous substrate [212] , the need for a large number of connectors and bars to transmit forces and the possibility of individual components to resonate at various frequencies. Finally, because the Tong bioreactor relies on the anchored silicone elastomer to transmit the oscillatory air pressure to the cellular constructs, the vibration is acoustic rather than aerodynamic, the vibration amplitude is small, and the collision forces are absent. For the rheometer-based bioreactor, although the dual capability is attractive, maintaining long-term cell viability in such a bioreactor is a significant challenge. Future effort should be dedicated to the construction and validation of a bioreactor that uses airflow to drive the synthetic vocal folds into a self-sustaining oscillatory motion with lateral collision, at the same time maintaining long term cell viability and enabling high throughput sample testing.
Current therapeutic challenges and future directions
The unique vibrational mechanical properties of human vocal folds render the delicate tissue susceptible to injuries that can potentially lead to voice impairment and scar formation. The establishment of the tissue engineering principles and the advance of biotechnologies in the last decade have drastically enhanced our understanding of physiological and pathological aspects of both healthy and injured vocal fold tissues. Motivated by regenerative medicine strategies, numerous efforts have been attempted to repair and restore the functional outcomes of injured vocal folds. Encouraging advances have achieved in creating state-of-the-art scaffolds with various techniques ranging from injectable hydrogels, electrospun fibers, and synthetic polymers to stem cell and growth factor administration. However, the artificial biomaterials investigated to date mainly have not recapitulated the highly complex multilayer architecture or the aerodynamic-to-acoustic energy transfer and high-frequency vibration of native lamina propria to completely restore scarred or atrophied VF. To date, most studies have focused on isolated application of an individual therapeutic methodology; further investigation should integrate degradable scaffolds, transplantation of universal cell types, controlled delivery of soluble growth factors, and dynamic mechanical stimulation into multifunctional approaches that are likely to achieve synergistic efficacy. Furthermore, it is necessary to develop continued understanding of the underlying biology of chronic vocal fold scar formation, a process that is highly relevant to multiple vocal pathologies that develop progressively in response to chronic conditions. Modular biomaterials, equipped with appropriate chemical composition, hierarchical structural characteristics, physical-chemical signaling cues, and biomechanical stimuli that mimic native VF tissue have the potential to elicit encapsulated cell remodeling and induce tissue-specific ECM production that may approach scarless wound healing. The growing body of literature in vocal fold physiology and developmental biology will inspire the creation of more complex, fully functional synthetic matrices that allow the optimization of scaffold-cell interaction, correlation of the relationship between VF protein constituents and rheological outcome, as well as standardization of in vitro protocols and in vivo vocal fold animal models to generate safe and clinically useful biomaterials for patients with voice disorders.
